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(54) NETWORKS USING A PLURALITY OF QUADRATURE 
COUPLER SECTIONS 



(71) We^ MERRIMAC RESEARCH 
AND DEVELOPMENT^ INC., a corporation 
organized and existing under the laws of the 
State of New York, United States of Americaj 

5 of 41 Fairfield Place, West CaldweU, New 
Jersey 07007> United States of America, do 
(hereby declare the invention for which we pray 
that a patent may be granted tco us, and the 
mediod by which it is ta be performed to be 

10 pardcularly described in and by the following 
statement: — 

This inventdon relates to an eleacrical net- 
work employing a plurality of quadrature 
coupler sections. 

15 In United States Patent Specifications Num- 
bers 3,452,300 and 3,452,301 quadrature 
ooupleiTS are disclosed which are formed of one 
or more sections, each section in itself being a 
symmetrical directive coupler with imposed 

20 conditions of duality. In the first of the fore- 
going sparificaricms, the couplers are of tihe 
multi-section type using lumped constant, fre- 
quency'- responsive components, Le. capacxtors 
and inductances. In die second specification, 

25 single and multi-section couplers are disclosed 
using an inductance foamed by itwo wines which 
are highly magnetically coupdcd and held in 
registration with eadi otiier. The main part of 
the capacitance for this latter type of coupler 

30 is provided by ilie initer-vvinding capacitance 
between the itwo wkies of the indactaoce. 
Further, these couplers use inductive coupled 
wires which are considerably less than a 
physical quarcer-wave length long at 'the centre 

35 point of the operating band. Due to the use 
of the initer-windSng capacitance, and the rela- 
dvdly small amotmt of wiirc needed to produce 
the needed inductance, oouplers can be con- 
structed which are extremely small in size, 

40 the size bang determined primarily by the 
amoimt of wire needed ito provide the induct- 
ance. In tihe couplers described in both of these 
specifications the coupler section or seorions, 
operate as backward scattering type couplers. 

45 According to the present invention there is 



provided an electrical network including: first 
and second symmetrical, self-dual, four-port 
quadrature coupler sections which have differ- 
ent centre operating frequencies and each of 
which provides signals in quadrature at first 50 
and second of said ports in response to an input 
signal applied to either of the (third or fourth 
of said ports; and means connecting the fiist 
and second ports of said first coupler section 
to ithe third and fourth ports respectively of 55 
said second coupler section. 

Networks according to the invention may be 
designed as ooupier networks or filters. Where 
a coupler network is required the above sec- 
tioais have at least one 180° phase shifting 60 
means inserted between them. Where filter 
networks are ito be produced, a phase shift cle- 
ment is or is not used depending upon the net- 
work function desired. Netwoiks can be 
designed with any ninnber of cascaded quadra- 55 
ture couple seodons, the connecting means 
between successive sections being selected in 
acoordance wirtfli the frequency response of the 
networks. Excellent couplers may be designed 
having well controlled coupling properties 70 
over a substantially wide band of operation. 
Further, pairs of transmission lines of arbi- 
trary length, including zero lengthy can be 
used tjo ooamect the individual sections itjogother 
widiout affecting the response function. The 75 
latter also holds true with respect to filter 
networks constructed in accord^ce with the 
invention. Further, the network synthesis made 
possible by dhe teachings of the present in- 
vention set out in greater detail below permits 80 
a wide variety of network functions to be syn- 
thesized with relative simplicity. 

The present invention may be better 
imderstjood by the description of preferred 
embodiments illustrated in the accompanying 85 
drawmgs in which: 

FIGURE 1 shows a generalised four port, 
symmetric, directive coupler network in block 
form; 

FIGURE 2 is a sdiematic diagram of one 90 
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form of a four port symmetric network accord- 
ing to Figure 1; 

FIGURE 3 is a schematic diagram of a 
quadraime coupler section derived from 

5 Figure 2 but shown in a manner whidi better 
Ulustcates its application to networks of the 
present invention; 

FIGURE 4 is a schematic diagram of 
coupler network having two quadrature 

10 coupler sections in accordance with !!he pres- 
ent inveirrian; 

FIGURE 5 is a schematic diagram of a 
network using .three quadrature coupler sec- 
tions in accordance with the present inven- 

15 tion; 

FIGURES 6A and 6B are graphical repre- 
sentations of the odd and even polyiromial 
functions generated by coupler networks built 
in accordance with tiie invention; and 
20 Fig. 7 is a schematic diagram of a filter 
network constructed in accordance with the 
invention. 

In the following description the symbol W 
is used with the same meaning as the more 

25 usual ^rmbol <«> to denote angular velocity (in 
radians/sec). 

Figure 1 diows in general block notation 
a symmetric four port directive coupler sec- 
tion 10 having componeitts (not shown) which 

30 are frequency responsive. Hie symmetric 
network has four ports 1, 2, 3 and 4 and is of 
the type such that when an input signal is 
applied to port 1, a coupled output signal is 
produced at port 2, a transnaitted output 

35 signal is produced at port 3 in phase quadra- 
ture with the signal at port 2, and port 4 is 
isoIai3ed so that no output signal appears 
ithcreon. The network is symmetrical about 
botb a transveise symmetry plane 11 and a 

40 IcHigitudinal synomfitcy plane 12. Aiany suc9i 
netwozks are weH known in the art 

Since netwoitk 10 is ^mmiettical it can be 
analyzed, according oo one theory^ about tiie 
longitudinal plane of symmetry 12, in teims 

45 of ev^ mode and odd mode biseotioos of the 
networks and their equivalent circuits. In the 
even mode bisection a voltage of 4-1/2V and 
+ 1/2V is considered to be applied to ports 1 
and 2 and plane 12 is considered to be an 

50 open circuit reference to bofth input ports 1 
and 2. In the odd mode bisecticai a vokage 
of +1/2V and — 1/2V is considered to be 
applied to poils 1 and 2 and plane 12 is con- 
sidered to be a short circuit reference to both 

55 iopvx ports 1 and 2. 

By Imposing a condition of duality on the 
network 10 such that ^ =yb 9 where Zjb 

e o e 

is the normalized input impedance for the 
even mode bisection of nctwcwk 10 (where the 
60 normalized input impedance equals the input 
impedance of the network at any one fre- 
quency divided by the charactrastic input im- 
pedance of the network) and ym is the 



normalized input admittance for the 
odd mode bisection of network 10 65 
(where the normalized input ad- 
mittance equals the input admittance 
at a specific frequency multiplied by the 
characteristic input impedance of the net- 
work). It can be shown by n^ork analysis 70 
that the scattering coefficients for the sym- 
metric network 10 are: 

(1) Su-o 

(2) s«=r, 

(3) s..=[i-re^p/=^ 75 

(4) S«=0 

Where V is the input voltage and Fq is^ tiie 
•reflection coefficient in the even mode bisec- 
tion, and [l-r^^] is equal tjo Te% where Te 
is the transmission coefficient in tthe even 80 
mode. Equations (1) through (4) define a class 
of networks which are called "backward 
scattering directional couplers". 

With an input V to port 1, equations (1) 
through (4) completely define the symmetric 85 
network 10 of Fig. 1 as a directional coupler 
having ilie following characteristics: 

(a) isolation (between ports 1 and 4). 
Since Si4=0 there is no signal trans- 
mission between ports 1 and 4. 90 

(b) input match (at port 1). Since Sii= 
O there is no mismatch ait the port 1 
input. 

(c) coupled output (between ports 1 and 

2) of VPe- Since S^^^V^ defines die 95 
coupling between ports 1 and 2. 

(d) transmission output (between ports 1 
and 3) of V[l-re*]^^^ The term' 
S,s=[l--r«*l^'* defines the trans- 
mission between ports 1 and 3. 100 

The coupled output at port 2 can be shown 
to be in phase quadrature with the trans- 
mitted output at port 3. All of the foiregoing is 
described m detail in the aforementioned 
spedficatsons. 105 

One of symmetrical dual, directive 
network of the type discussed above with 
respect to Fig. 1 can be constructed in the 
manner shown in Hg. 2. The ports illus- 
trated are each shown as a single terminal it HO 
being imderstood that the voltages thereat are 
all referred to a common ground oozmection. 
Here, the inductance 21 is of the two conduc- 
tor type with one end of each wire being 
connected to a respective port of the network. 115 
Ports 1 and 2 are shown shunted by a capaci- 
tance 23 and ports 3 and 4 shunited by a 
capacitance 24. The conductors of the induct- 
ance 21 are highly magnetically coi^led to 
each other. They can be wound as a hffilar 120 
winding on a torc»d or coil form of high 
pemieability magnetic material. They also can 
be twisted together or otherwise held in 
r^isitration. In this case a high permeability 
core also can be used> if desired. As one way 125 
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of holding the two wires in registration^ they 
can be printed on a printed circuit board or 
deposited on a substrate using suitable thin 
film cr micro-circuit itechniques. 

The capacitance represented by the ele- 
ments 23 and 24 can be of the limiped constant 
type. At high frequencies, where registered 
conduotXHS a«re used to form the inductance, 
the iaterwinding capacitance is usually suffi- 
cient to fionn all, or substantially all, of the 
needed capacitance. 

The symmetrical, directive network of Fig. 
2 can be analyzed by the bisection tech- 
nique and shown vo have the following proper- 
tics: 



(5a) 

(5b) 
(5c) 



)2 



2+jx 



2+jx 



In the coupler described! by equations (5 a) 
arid (5b) and shown in Fig. 2, the condi- 
tions of duality are imposed and it is 
assumed ithat the inductance 21 is of the bi- 
filar type. In bifihr type inductances the odd 
mode inductance is significantly less than the 
even mode inductance and can, in mbst cases, 
be disregarded. The even mode inductance 1^ 
is obtained from a shunt connection of the 
itwo conductors forming the total inductance, 
where the total parallel oomtected inductance 
is L» so that 



Le=2L3 



(5.1) 



In an even mode bisection, the capacitance 
value does not appear since tiie conduccors are 
excited in parallel, so that no capacity can 
exist between them. In an odd mode bisec- 
tion, the odd mode capacity Q is twice the 
total capacity between the osiductDis Q, since 
Co is the capacity of one conductor to the 
short circuit nrference 12. In most cases the 
odd mode inductance is small enough to be 
neglected. 

Iinposing the aforementioned condition of 
du^ty on the network such that the normal- 
ized input impedance for the even mode bi- 
section js equal to the normaslized input ad- 
mittance for the odd mode bisection gives: 



w(I^) 
ZoW(Co)= or 



(5.2) 



(5.3) 



Thus in equations (5a) and (5b) 
wLo 



x=- 



(5.4) 



where: 

Le=the even mode inductance of one of 
the conductors from pores 1 to 2 or 
from pores 3 to 4. 
Zo=the charaoreristic impedance of the 
systena in which the network operates. 
The derivation of these equations is explained 
in greater detail in United States Patent 
Specification No. 3,542,300. 

Because the network of Fig. 2 is symmetric 
about l30th vertical and hori2ontal planes 11 
and 12, the following relationships hold : 



(5d) 

(5e) 

(5f) 
(5g) 



Sj2 S21 S54 Sjg 



Sia — Sai — S24 — 842=- 



2+ix 
2 



2+jx 

Sii = S22 = = 84^ = o 

S 34 ^ S41 = S 03= 832 = O 



Equations 5d through 5g are defined by a 
scatter matrix analysis whidi is reproduced 
below: 



S12 Si3 Si4 

S22 S23 82,1 

S32 Sga 

S^-s S44 



O S12 o 

512 O O Si3 

513 O O S12 
O 8,3 8,:, O 



To foam one type of symmetrical quadra- 
ture coupler network secition whidi can be 
iiscd in the networks of the present inven- 
tion, die dualj symmetric network of Fig. 2 
is fim rotated schematically counter-clock- 
wise by 90°. Stasrting from the upper left-hand 
comer die port numbers, in a ctockwise direc- 
tion, now becomes 3, 4, 2, 1. The poits 3 and 
4 are then interdianged by lifting off the 
respective connected end of each of the wind- 
ings of the inductor 21 and connecting them 
to the other poit (i.e. 3 to 4 and 4 to 3). 
Flipping the resultant network in its entirety 
by 180° about its horizontal center line gives 
the netwoik 20 ^own in Fig. 3. The wind- 
ings 21a and 21b in Fig. 3 aorre^jond to 
the windings of the bifilar inductance 21 
of Fig. 2. 

The transformation of the coupler of Fig. 
2 to that of Fig. 3 makes (schematically) the 
quadrature coupler section 20 of Fig. 3 a 
symrnetric "foaward scatter" coupler as dis- 
tinguished from the symmetric "backward 
scaitter*' coiq>ler of Fig. 2. However, this dis- 
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dnction is made •!» help aid in visualizing 
the coupler section in physical aira^ement 
and signal flow terms in the later descrip^ 
tion (rather than in implying any difference in 
5 electrical perfonnance. The symmetry referred 
ta with respect to the coupler 20 of Fig. 3 
is ahe port symmetry shown in equations (5d) 
through (5g). From equations (5d) tbrougfa 
(5g) it should be obvioiB that any port of tiie 
10 coupler 20 can be used as an input port with 
die output ports being on the opposite side 
of the coupler and the port adjacent to the 
input pOTt being isolated. The appIicaticHi of 
an input signal to either port on one side 
15 of the coupler will produce a pair of quadra- 
ture signals at the ports on the other side. The 
nctworic 20 of Fig. 3 still has the same scatter- 
ing parameters given in equations (5a) through 
(5c). Also the same relationships hold for L 
20 and C as given above with respect to the 
network of Fig. 2, 

Networks in accordance with the present 
invention^ are conscructable from a plurality 
of the "forward scatter" cottier sections 
25 shown in Fig. 3 which are connected together 
to produce circuit networks such as quadrature 
couplers and filters. Several quadrature 
coupler applications are discussed first. 
Fig. 4 shows two of the coupler sections 
30 20A and 20B of the type shown in Fig. 3 
connected together by a phase inverting trans- 
farmer 30 to form a quadrature coiyler net- 
work 40. Each of the coupler sections 20A 
and 20B is of the same construction as the 
35 section 20 of Fig. 3 and the same reference 
numerals are used for the components wi± the 
respective A and B suflaxes, the bifilar in- 
ductances bdng designated simply by refer- 
ence niuneral 21 with the appropriate suffix. 
40 Pores 1 and 4 of section 20A and ports 2 
and 3 of section 20B foom ite respective in- 
put and output ports for the coupler 40. 
Depending upon whether port 1 or 4 is used 
as the input portit the other would be isolated 
45 from the input and usually, although not 
necessarily, terminated in the characteristic 
impedance of the ^^em. The phase inverting 
itransformer 30 can be of any suitable type 
such as a balun anti-balun pair. A separate 
50 transformer 30 — 1 is shown between port 2 
of section 20A and port 1 of section 20B and 
transformer 30 — 2 between port 3 of section 
20A and port 4 of section 20B. The trans- 
former 30—1 produces the 180® phase re- 
55 versal of the signal transmitted betwe«i ports 
2 and 1 of the coupler sections 20A and 
20B respectively, the transfonner 30— 2 pro- 
ducing no phase change other than residual 
phase shift. The transformer sections 30 — 1 
60 and 30 — 2 have the same residual phase shift 
so that a 180° phase differential is maintained 
between hem. Any suitable phase reversing, 
or shifting, componentt or network can be 



used instead of the transformer 30, as long 
as the 180° phase differential is produced. 65 
For example;, an LC network or one of the 
type described by B. N. Schiffman in IRE 
Transactions, Professional Gsoup Microwave 
Theory and Techniques, April 1958, pages 
212—211 "A New Class of Broad Band 90° 70 
Phase Shifter^*' : and S. B. Bedrosian in IRE 
Transactions Professional Group Circuit 
Theory June 1960, pages 128—136 '•Normal- 
ized Design of 90® Phase Diffeaence Net- 
works". 75 

From equations (5d) througji (5g) ootipler 
section 20A is described by the following 
scattering paitameters: 



(6) 



(7) 



jwa 



2+jwa 
2 



Si3A— ■ 



2+ jwa 

Coupler section 20B is described by: 
jwb 



(8) 



(9) 



St2B — " 



SiSB — " 



2-hjwb 
2 



80 



85 



2-fiwb 

For coupler section 20A in equations (6) and 

(7)3 



a=— , 

Zo 

where La is the even mode inductance of one 
of the kiduotanoe windings of section 20A 90 
£com ports lto3or4>ta2andZoisthe 
characteristic impedance of the system in 
which coupler" 40 operates. 

Similarly in equations (8) and (9) for sec- 
tion 20B 95 

Lb 
b=— , 

z« 

where Lb is the even mode induaance of one 
of the inductance windings of section 20B 
frtMn ports 1 to 3 or 4 to 2 and Zo is the 
characteristic impedance of the system in 100 
which coupler 40 (^)eratBs. 
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For tbe tatal coupler network 40 shown in 
Fig. 3 tjhe scatcedng parameters are : 



(10) 

(11) 

and 



Si3 = Si3A Si2B Sj2A ^ISB 

Sii=Si.=0 



The minus sign between the ttwo terms on the 
right-hand sidie of each of the equations (10) 
and (11) occurs due to the 180° phase reversal 
provided by the transformer 30. The terms 
and Sm apply betweem the input port 1 and 
the output ports 2 and 3 of die cranplete two 
seotom networky respectively. 

If the phase shift from port 2A to port IB 
is defined as ^+ 180° and ihe phase shift from 
port 3A to port 4B is defined as -9, 

where <0 is the residual phase of tthe trans- 
formers plus tibie interconnecting line lengdis, 

then equation (10) can be writcen as: 

Sa2=Si2Aeif^^«°-JS,2B+ S,3Ae^"«SiaB 

(10a) 

and equation (11) as: 

(11a) 

Equations (10a) and (11a) can be rewritten 



(10b) 



Si3 — (SiJi Si2B Si2A Si3B)e^^ 

(lib) 

From equations (10b) and (lib) it is seen that 
each outtput is equally shifted in phase and tht 
line lengdi fff is just a reference shift of both 
outputs having no effect on the phase differen- 
tial between the ouqjuts nor on the ampli- 
tude lesptmse of either output. 

Hiis ocmditiion -holds for any number of 
coupler sections imera>nn&:C&d and> as such^ 
will noit be included in any further discusaons. 

Equatfens (10a), (lOb), (11a) and (lib) 
show that the entire cotipler is ind^>endent of 
the ifflterconnecting line lengths between the 
lespecdve coixpler sections so Icmg as the line 
lengdis between adjacent sections are paired, 
i.e. have the same phase shift. This means tiiat 
the pairs of line lengdi can be of any aibi- 
trary value, including zero. Also, the phase 
shift of a pair lof line lengths can be selected 
to produce a desired overall phase shift for a 
given network. Successive pairs of line lengths 
beitweea adjacent coupler sections can have 
different phase shifts. In essence, this means 



that in the networics of die present invention 
that line lengllhs^ and their (resultant phase 
shift, are chosen as a matter of convenience 
rather than being imposed upon die network 
as a constraint This gives the circuit designer 
greater flexibility. 

Substituting equations (6), (7), (8) and (9) 
into equatiions (10) and (11) and neglecdng 
the residual phase shift between sections gives : 



5 



(12) 



Si2" 



4+w-ab 



(4- w2ab)+ jw(2a+2b) 



and 



(13) 



jw (b—a) 



(4--w«ab)+ jw (2a+2b) 



6 



Since the Denominaliors at the eqtiations for 
S12 and Sis are identical, and the numerators 
are in phase quadrature, then the phases at 
S12 and Si3 are always in phase quadrature. 

The loss function L between port 1 of 
coupler 40 and any other port is given by 



6 



Between ports 1 and 2, from equation (12) the 
loss function L12 becomes : 



(u) 



71 



, I6*w^2b2-6w2ob*w2(4o2*4b^*8ab) 



Sunilariy, using (13), the loss function L13 
between ports 1 and 3 of coupler 40 is ex- 
pressed as ■ ' . ' ' 

(15), 



It should be noted that .the numerator of 
(14) equals the denominator of (15) and the 
deEEominator of (15) equals the numerator 
of (14). 

Rewriting Lia, as given by (15), in a 
slighdy different form gives: 



7 
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To make the function L^s hsm geometric 

1 

symmetry in w (i.e. f (w)=f(w) then ab=4. 
Equation (16) nSow becomes 



(17) 



The fimctiGa of equation (17) has its 
Tninimnm value at w=l, and at w=l, Lis 
becomes 



The coupUng C between ports 1 and 3, called 
10 Ctzi of coupler 40 is expressed in db as: 

(19) Q3(db) = 101Ogxo[Lx3]. 

As an example, for a 3db coupler at w=l 
1 



b-a 



=1 . and ab=4 



Since, for geometric symmetary in w, ab=4, 
15 dien 

b=2[l+r2] =4.82843 

(19a) 



and 



(l+r2) 



-=.82843 



(19b) 



Since a and b arc the normalized inductive 
20 reactance values of the seodon 20A and 20B 
at w=l3 the ^ometric center of a respec- 
tive section, the inductance values La and Lb 
of the inductance 21 for the two sections can 
be readily calculated. Also, due <tD die original 
25 constraint of duality imposed tipon the sec- 
lixms, ±e capacitance value for the capadtois 
23 and 24 are given as, 
in bisecdcm 



30 



It should be recalled that the values of L 
and C are the bisection values given in equa- 
tions (5.2) and (5.3), 



The loss fimction L,:;, as a function of w 
(for 3db coupling at w=l) becomes: 



(20 



ITwJ 



(21) 
(22) 



b-a=k 
ab=4 



Where [kj is greater than zero. 

From (19a) and (19b) it is seen that the 
values of a and b are differem for a 3 db 
coupler. This means that the section 20A and 
20B will have different cross-over frequencies, 
i.e. the cross-over frequency being the point 
where (Sj2(=.(Si,[. 

Quadrature couplers having more than two 
sections can also be synidiesized and construc- 
ted using the t^iiniques described above. Fig. 
5 shows a quadrarive coupler network 50 using 
three sections of the type 20 shown in Fig. 
3, designated 20A, 20B and 20C. The two 
transformers 30 — 1 and 30 — 2 which provide 
a 180° relative phase shift between die sig- 
nals provided on the ports 2 and 3 of the 
section 2DA are connected respectively be- 
tween port 2 of section 20A and port 1 of 
section 20B and port 3 of section 20A and 
port 4 of Section 20B- There is a csmnection 
between port 2 of section 20B and port 1 of 
section 20C and port 3 of section 20B and 
port 4 of section 20C widiout a 180^ phase 
inverskm. The input ports for the complete 
coupler are ports 1 and 4 of section 20A while 
the output pores are ports 2 and 3 of section 
20C 

The scattering parameters for section 20C 
are given as: 



(23) 



(24) 



^ 2+jwc 



2-l-iwc 



35 



Any coupling value can be symthesized by 
inserting the proper value for b— a in equa- 
tion (18) to get the desk^ coupling and 
solving for a and b from^ 
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For coupler section 20C in equations (23) and the inductance winding of secdon 20C from 5 
(24) ports 1 to 3 or 4 to* 2 and Zo is again the 

characteristic impedance of the system. The 
Lc scattering parameters and the values for a and 

c= — b of sections 2QA nd 20B remain as previously 

Zo described in equaJtions (6) through (9). 10 

The scattering parameters for the total 
where Lc is the series induotance of one of the coupler network 50 of Fig, 5 are : 

(25) Si«=Si2 [Sis Sis Si2 Sj2 ]~f*Si3 [ Si2 Si3 "f"Sj2 Sjs ] 

CAB AS C AB Ba 

(26) Si3 = Si2 [ Sl2 Si3 "hSia Si3 ] "{"Sia [Si5 Sj3 Si2 Si2 ] 



15 and Su=Si4=0. 

The minus signs in the terms of equations 
(25) and (26) are again due to the 180° phase 
shift produced by ±e network 30. 

For the entire coupler 50, substituting Sjo ^ 

A 

20 

Si2 3 Si2 J Si^ i and Sia e.g. (25) and 



(26) gives: 



(27) 



5l2*} B-2wZ(Qb»bc*oc)*j [4w(Q/b*c)-w3ahc] 



and 



m 

B*2w^ (Db*oc-hc) 



8-Zw2{ab*bc»acJ*j (4w{a»b»c)-w3abc] • 



Si2 and Si3 are again in phase quadrature 
since their denominators are identical and their 
numerators are in phase quadrature. 

Squaring the denominator of each of equa- 
tions (27) and (28) produces a quantity | D j ^ 
which can be factored into : 



25 



30 



(29) 



[ 8 H- 2wXab + ac-bc)] ^ + [w^abc+ 4w (b+ c- a)] = 



For the three section coupler the loss f unc- 
1 

tion L= for libe ports 1 to 2 and 1 to 3 

(Sj^ 

becomes from equations (27) and (28): 



35 



ll2 '.1 ♦ fB*7v2{(±*tu:'hL) f' 



of the three section network the function 
Pin*(w) can be made antisynMnetric about w= 
1 so that: 



- 1321 



(3t) 



Lfi*2w2(ab*oc-l)dJ 



The second term of the right-hand side of 
both equations (30) and (31) for L12 and L13 
are polynomials which can be designated as 
40 beii^ of the geteral type Pia^(w). In the case 



In equation (32), it should be noted from 45 
(30) and (31) that: 



(33) 



Li,(w)=l+P,„2(w) 



Solving (30) and (31) to get the anti-sym- 
metric condition of (32) gives: 

(34) abc=8 and 50 

(35) 4(bH-c-a)=2(ab+ac--ac) 
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Solving (34) and (35) for a gives: 

(36) a2(2+b+c)-2a(b+c)-8=0 



wiudi yields 
(37) 



(b+c)d=(44-b+c) 



2+(b+c) 



Since a, b and c must be positive quanti- 
tieSj one must choose tiie positive root^ then 

a=2 

SubstittDtii^ the value of a=2 and abc=8 
into equations (30) and (31) gives: 



m 



(40) 



L«=l+. 



and 



(41) 



L„=l+- 



|S»|' 



The polynomials^ (PznCw)) for the oouplers 
fomied by an even number of setions will 
always havi: geometric symmetiy about w=l. 
And Si2 and Si^ ate aways in phase quadra- 
ture. TTie odd polynomials (P(2a— i)(w)) for the 
couplers formed by an odd number of sec- 
tions will always have geometric anti-sym- 
metiy about w=l. The w quantities are 
nonnalized frequencies. 

For couplets with an even number of sec- 
'trons, the polynsomial will be of the following 
form: 



40 



45 



50 



where a=2 and bc=4. 

The quantities b and c can be solved for by 
conventional technique. For example^ the 
polynomial portion of (38) can be differen- 
15 tiated and set equal to zero. Solving for b+c 
as a function of w we obtain 



(«2) 



and the mavlmnm and TP^TiimiTm values of the 
loss funotions can be obtained by substituting 
20 the values obtained for b and c at the value c£ 
w diosen. (Since the function has geoznetiic 
anti-synmoetry about w=l the loss foncdon at 
1 

— is also known). Through the use of fre- 
w 

quency scaling factors, the inductance for a, h 
25 and c can be scaled to die oonect center fte- 

quency^ and the capacitance can be found from 

(5.2) and (5.3). 

It should again be noted that h and c are 

different quantities. This means that each 
30 coupler section 2OA5 20B and 20C has a 

different center frequency. 
As should be apparent, the s^theas of two 

systems of coupla:^ has been described using 

quadrature ooupldcs of the forward scatter 
35 type. The first being a system of even niun- 

bas of coupler sections, the second being a 

system of odd nmnbeas of coupler sections. In 

both systems the loss functions L12 and L13 

are always expressed by: 



P(2ft}W- HrHawZ,*-— H^;i.^)w2' H(3n> 



2n 



,(2i-l).„„„2rf»{2h^) 



55 



where i goes from 1 to n and Ml=M(2n-i)j 

M3=M(2n-^)5 M(2i-i)=M(2(n_iH.i„ and M2= 

Where n is the order of the polynomial, (ie. 

n=lA3a ) and i is ixidex of the term 60 

witimi die polynomial, and the number of 
elemeoits required in 2n. 

For couplets with an odd number of sec- 
tionSy the polynomial wiU be of die following 
form: 55 



where n is the order of the polynomial, (i.e.. 
n= Ij 2, 3 - - - -) and the number of eJements 
required is = (2n— 1). 

Figs. 6A and 6B respectively show, diagram- 70 
matically, die polynomials of die form Pan 
and P(2ii-i)- As should be apparent from die 
form of the curves of these two figures and 
equations (42) and (43), which describe the 
even and odd number section couplers, the 75 
polynomials are of the rational Tschebj^eff 
type. It also should be apparent from (38) 
and (39) and the more generalized counts- 
part cofiespcHiding equations (40) and (41) 
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•that the polynomial portions of the equations 
have poles and zeros on the imaginary axis. 
This again verifes the conclusion that the net- 
works constrtucted with at least one 180° 

5 phase shifting notvvodc between two coupler 
secdons is a coiipier. 

It should be uderscood that while only one 
180^ phase shifting nettwork 30 is shown in 
the networks of bath Figs. 4 and 5> that the 

10 more general statement holds diat in any net- 
wojrk of N coupler sections (e.g. ithe sections 
20) up CO N — 1 180° phase s^hifting net- 
works (e.g. 30) can be used. This also includes 
even numbers of 180° phase shifting net- 

15 works. The order of interconnection of the 
sections 20 detefnnines the number of 180° 
phase shifters, needed. At least one 180° phase 
shifter is needed to form a quadirature 
coupler metwoik 

20 The Polynomial described above are all 
3 db cottiers in the form analyzed. If the 
polynomials were rewritten in the form 

(44) Pi(w)=kP(w) 

and tiie elements necalculateda it can pro- 

25 duce a coupler of any coupling value. 

The networks Iheretiofofre described are of 
the coupler type with at least 180° phase 
shifting network. Fig. 7 shows another type 
of network formed by two coupler sections 

30 20A and 20B of the lype shown in Fig. 3 in 
which ithe sections are connected together 
witiiout sudh a 180° phase shifting section. 
Here again, the coupler sectiions have a differ- 
ent center frequency. It can be shown by an 

35 analysis similar to that previously presented! 
thait tiie network of Fig, 7 will produce poly- 
nomial terms m the loss function where aU 
Wa w^3 v^y w^ . . . etc. terms are negative. It 
also can be ^own tiiat the poles and zeros 

40 of itlhese polynomial terms lie on the real axis. 
This means that such networks are filters. 
These filters are of the directional type, 
i.e. the filter has two outputs. They also have 
a pass band and a stop band with icme or more 

45 of such pass ban^ and stop bands beu^ pos- 
sible. 

While it has been found preferable to coin- 
struct filtar networks according to the present 
inventron wMiout the use of 180° phase shift- 

50 ing netwoQcks, filters can be constructed using 
at least one such {rfiase shifting network if 
diere is a proper choice of the a^bjC.,,, etc. 
paiiameteis. 
The netwoiks desoibed previously use 

55 coupler sections 20 whidi are formed bv eJe- 
meats at least one of wMch is lumped., that is, 
the inductance. However, the coupler sections 
do iK>t have to be of dus form. By proper 
insertiois of the number and location of 180^ 

60 sectiois, some aie all of the real axis poles 
(or zeros) can be moved to tire imaginary 
axis^ leaving only those zeaioes (or poles) on the 
real axis that are desired, forming band- 



pass, high-pass, or low-pass functions with 
either rippled or monotonic passbands, or stop 65 
bands, as desired 

The coupler sections can be of any forward 
scatter directional type, and the equations of 
(10) and (11) still hold, so (that the loss func- 
tion is still definable as 1 plus the rajtio of 70 
Si2 to Si3 squared. In many cases this wiU not 
produce the geometric sjnnmetry of the case 
cited, but will always produce a useful coupling 
structure. 

Examples of otlrer types of couplers that 75 
can be used are : short-slot coupler sections in 
waveguide form coimected by a pair of wave- 
guides, one of which is twisted 180°, can 
form a coupler network: quarter-wavelength 
backward couplers can be used with 180° 80 
sections to form a useful coupler section: any 
aperture coupled waveguide coupler sectkm 
can be interoonneoted <widi a 180° twist to 
form a useful coupler netwoifc. The same 
Sxolds true for the coupler sections forming the 85 
filter networks. 

WHAT WE CLAIM IS:— 

1. An electrical network including: 

first and second symmetrical, self-dual, four- 
port quadrature coupler sections which have 95 
different center operating frequencies and each 
of which provides signals in quadrature at 
first and seccwid of said ports in response to 
an input signal applied to either of tihe third 
and fourth of saidl ports; 90 

and means connecting the first and second 
ports of said first coupler section to the 
thiid and foiuth ports respectively of said 
coupler section. 

2. A network as defined in Claim 1 where- loo 
in said connecting means includes means for 
producing & relative 180° phase shift between 
signals appearing on said third and fourth 
ports of sa/d second ootipler section thereby 
providing a netvstork in which the polynomial 105 
terms of the loss functions from 'the third port 

of the first ooi^ler section to the first and 
second ports of die second coupler secticm 
have dbeir poles and zeros on die imaginary 
axis rendering llhe network a quacfcature no 
coupler network. 

3. A netwodc as defined in Claim 2 wherein 
said connecting means comprises a balun anti- 
balun pair. 

4. A network as defined in Claim 2 in 115 
which: 

The diaraotQristic impedance of said first 
and second couple secck>ns is Zo; 
where 

Li L2 

Zo=— =— 120 

Cx c. 

Li and L2 being one-half die even ntiode 
inductances of said fiist and second coupler 
sections respectively and Ci and Cz being 
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one-half the odd mode capacitances of said Bsrst 
and second coupler secdions respecdvdy. 

5. A netwoxk as dbfined in Claim 4 in 
which: 

-5 

is equal to four so Aat the network is sym- 
metrical with respect to to^. 

6. A network as defined in Claim 4 wlhetein 
said first and second a>uplers eadx comprises 

10 a pair of registered oonductsozs tigjitly mag- 
iKdcaUy ooi^led to minimize leakage leact- 
ance; 

and capadtive coupling therebetween to 
provide said ctaaccensdc impedance of Zg. 
15 7. A network as defined in Claim 3 also in- 
cluding: 

a ducd symmetrical^ four-post quadrature 
coupler section which is self dual and has a 
different center operating frequency than said 
20 first and second coupler sections for provid- 
ing signals in 4^[uadrature at first and second 
(of said ports in response to an input signal 
applied to ehher of die durd aiKl fourth of 
said ports; 

25 azid means for connecting said first and 
second ports of said second coupler secdon 
to said third and fourth ports of said third 
coupler seotiaa respectiveiy. 

8. A network as defin^ in Claim 7 in 

30 vMch the clKracteaistic impedance of said first, 
second and third doupler sections is Zol 
where 

1/2 L3 

Zo=— =-=-, 

Ci Q Q 

Lri, L25 and L3 bemg one-half the even mode 
35 inductances of said first, seomd and diird 



coapltt sectDons respccdvely and Ci, C23 and 
Cs being one-Mf the odd mode capacitances 
of said first, second and third oouplar sections 
respectively; and 

40 

is equal to eight so that the network is sym- 
metrical with respect to Wo. 

9. A network as defined in Cl^^m 7 or 8 
in whidh said first and second ports of each 

of said first, second, and third ooi^ler sec- 45 
tions are on the same side of said firsl^ seccmd 
and third couplers respectively. 

10. A netwodc as defined in Qaim 7 also 
including: 

a plurality of additional symmetrical four- 50 
port quadrature coupler sectsoos each of which 
is self dual and has a different oentor opecat- 
ii:^ Icequency from the or each other addi- 
tional sectbn and from said first, second and 
ihtrd coupler sections for pzovidii^ a signal 
in quadrature signal at first and a second 
of said ports in response to an input signal 
applied to either of the third' oar fourth of 
said ports; 

and means for conneding said plurality of ^ 
additional coupler sections in cascade with one 
another and with said third coi^ler section. 

11. A network as defined in Claim 10 in 
which said connecting means includes 180° 
phase shifting networks. 65 

12. A network substantially as hereinbefore 
described with reference Do Figure 4; Figure 
5; or Figure 7 of the accompanying drawings. 

TREGEAR, THIEMJiNN & BLEACH, 
Chartered Patent Agents, 

Melbourne House;, 
Aldwych, Londtra, W.C.2., 
Agents for the Applicants. 
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